Abstract. Different aspects of the geothermics of the Pannonian basin are investigated from the viewpoint of neotectonics. A heat flow map of the basin and the surrounding region is presented. It is shown that the high heat flow of the Pannonian basin, the subsidence and maturation history of the Neogene sediments can be explained in general by Middle Miocene extension and thinning of the lithosphere. To obtain fit to the observed vitrinite reflectance data in the peripheral areas uplift and erosion had to be assumed, which started in the Late Pliocene. For the same time period a thermo-mechanical extensional model would predict thermal subsidence, therefore, the observation of this late stage uplift suggests that the thermal subsidence has been overprinted by tectonic forces, like an increase of intraplate stress.
Introduction
The terrestrial heat flow provides basic information on the geothermal processes at depth. There are abundant temperature and thermal conductivity measurements in the Pannonian basin and the surrounding region, which allow the determination of the heat flow in many locations (Čermák, 1978; Demetrescu, 1978; Dövényi et al., 1983; Dövényi and Horváth, 1988; Ravnik et al., 1995) . One of the aims of this paper is to present an updated heat flow map of the Eastern Alps-Carpathians-Pannonian basin-Dinaric region.
After correcting for the thermal effects of paleoclimatic changes, sedimentation, erosion and groundwater flow, the heat flow is generally interpreted in the framework of geodynamic models (Chapman and Rybach, 1985; Mongelli et al., 1989) . The high heat flow in the Pannonian basin is explained by Middle Miocene extension and thinning of the lithosphere (e.g. Royden et al., 1983) , which is evidenced by the presence of thin crust (Mituch and Posgay, 1972; Posgay et al., 1991; Horváth, 1993) , thin lithosphere (Babuška and Plomerová, 1988; Praus et al., 1990; Horváth, 1993) and normal faults in the basement of Neogene sediments (e.g. Tari et al., 1992) . It is shown in this paper that the subsidence, thermal and maturation history of the basin can be fairly well explained in terms of non-uniform extension of the lithosphere, but the recent uplift of the peripheral parts of the basin requires additional tectonic forces. It has been suggested (Horváth and Cloetingh, 1996) that late-stage (Late Pliocene and Quaternary) uplift observed in the Pannonian basin is controlled by an increase of intraplate stress.
The distribution of seismicity is, in many cases, controlled by temperature (Furlong and Atkinson, 1993; Bodri and Iizuka, 1993) , although exceptions are known to occur. The areal distribution of seismicity and heat flow in the Pannonian basin and the surrounding region is investigated. The connection between temperature and seismicity is established through rock mechanics. Sibson (1982) suggested that the base of the seismogenic layer in continents is given by the depth of the transition from dominantly brittle to dominantly ductile strain accommodation. Rheological profiles are constructed for the Pannonian basin and the surrounding region and they are compared to the variation of the focal depths of earthquakes.
Heat flow in the Pannonian basin and surrounding areas
In order to know the features of the geothermal field heat flow density determinations have to be carried out. The terrestrial heat flow density (shortly heat flow) is defined as the product of the vertical temperature gradient and the thermal conductivity assuming conductive heat transfer. Heat flow determinations in the Pannonian basin were made in deep boreholes. Mercury maximum thermometers or thermistor probes were used to determine the vertical temperature gradient. The paleoclimatic and topographic effects were not considered, because the temperature measurements were made at great depths, (greater than 500 m, mostly in the depth range of 1000-2000 m), where the paleoclimatic and topographic influences are negligible. Thermal conductivities of rocks were measured on core samples in laboratory. Based on the results Dövényi and Horváth (1988) established thermal conductivity-depth trends for the Neogene and Quaternary sand-sandstones and shales-clays-marls in the Pannonian basin. Using the thermal conductivity-depth trends and the thermal conductivities of other rocks derived also from laboratory measurements (Dövényi et al., 1983) heat flow was calculated in many boreholes, where the lithology of the borehole was known and reliable temperature data were available. The temperature database of Hungary contains more than 12 000 data from 4 600 boreholes. The temperature data come from bottom hole temperatures, inflowing and outflowing water temperatures, drill-stem tests in hydrocarbon exploration wells and some steady-state temperature measurements. Those temperature data were used in the heat flow calculation, which could be corrected for the thermal disturbance of drilling. Heat flow was calculated following the thermal resistance integral procedure of Bullard (1939) . The error of heat flow determinations is ±10-25% in favourable and nonfavourable cases, respectively. The observed heat flow is often disturbed by sedimentation, erosion and groundwater flow. The average thickness of Neogene and Quaternary sediments in the Pannonian basin is 2-3 km, but in the deep troughs the thickness of sediments reaches 7-8 km. The thermal effect of sedimentation was calculated by a one-dimensional numerical model following the method of Lucazeau and Le Douaran (1985) , which takes into account the variation in the sedimentation rate and the change in the thermal properties of sediments due to compaction (Lenkey, 1999) . The heat flow corrected for sedimentation is 10-30% higher than the observed heat flow. The late stage (0-5 Ma) erosion of the peripheral and some internal parts of the basin has insignificant effect on the heat flow (∼5 mW/m 2 ).
The heat flow corrected for sedimentation is shown in Fig. 1 . The map in Hungary is based on 28 heat flow determinations (thermal conductivity and temperature measurements were carried out in the same borehole) and approximately 1500 heat flow estimates (thermal conductivity is estimated from the lithology using the thermal conductivitydepth trends) (Dövényi, 1994) . Outside Hungary the map is based on the "Geothermal Atlas of Europe" (Hurtig et al., 1992) . The isolines of the heat flow map of Europe from the atlas were digitized outside Hungary, and these data together with the Hungarian data were used to construct the heat flow map of Fig. 1 . The new heat flow data from Hungary in the border zone were in good agreement with the existing data from the surrounding areas, and the above method ensured the smooth transition of isolines between the two areas. Data coverage is quite good for the whole area except the Apuseni Mountains and the Eastern Alps, where only few measurements were made. Outside the Carpathians the thermal effect of sedimentation has not been corrected.
The surface heat flow distribution in the Pannonian basin shows values ranging from 50 to 130 mW/m 2 , with a mean value of 100 mW/m 2 . The average heat flow in the basin is considerably higher than in the surrounding regions. The Ukrainian and Moesian Platforms are characterized by low heat flow values of 40-50 mW/m 2 , which are typical for the stable continental crust (Demetrescu et al., 1989; Gordienko et al., 2001) . The Carpathians and the Bohemian Massif show varying heat flow values of 50-70 mW/m 2 , which are close to the worldwide mean value for continental crust (65 mW/m 2 , Pollack et al., 1993) . The Outer Dinarides are characterized by extremely low heat flow values (<30 mW/m 2 ). The low heat flow is due to karstic water flow in the carbonatic rocks of the mountains (Ravnik et al., 1995) . The Inner Dinarides have heat flow of 50-60 mW/m 2 . The Adriatic Sea shows varying heat flow of 30-50 mW/m 2 . The high heat flow in the Eastern Alps is based on a few and unreliable data. The peripheral Vienna and Transylvanian basins are characterized by lower heat flow values (50-70 mW/m 2 and 50 mW/m 2 , respectively) than the central basins. The low heat flow in the Transylvanian basin suggest that it was formed by a different geodynamic mechanism than the Pannonian basin (Kázmér et al., 2000) .
The central areas exhibit varying heat flow. The hottest areas are the southern, eastern (Great Hungarian Plain) and northeastern parts (East Slovakian basin) of the basin where the heat flow is above 100 mW/m 2 . The NW part of the Pannonian basin is characterized by heat flow values of 80-90 mW/m 2 , which are lower than the mean value. The heat flow maxima (>130 mW/m 2 ) is found in the south. The NNW-SSE directed heat flow maxima south to the Pannonian basin (until the Vardar zone) has no proven geodynamic explanation.
The high heat flow in the southern part of the Eastern Carpathians is caused by volcanism, which ceased 0.2 Ma ago (Pécskay et al., 1995) . Calculations of the thermal evolution of volcanic intrusions show that the elevated temperature and heat flow around an intrusion dissipates in a few million years (e.g. Fowler and Nisbet, 1982; Horváth et al., 1986) . Thus, the thermal anomaly caused by the Middle Miocene calc-alkaline volcanism and along the inner side of the Carpathian arc has decayed by now. However, the heat flow is still high along the volcanic chain. The high heat flow cannot be explained by the increased radioactive heat production in the volcanic rocks, because the concentration of the radioactive isotopes is normal (Surányi et al., 2002) . The high heat flow must have a deeper (lower crustal or mantle) origin. The source of the heat is probably related to the cause of the volcanism. The Pliocene to Pleistocene basaltic magmatism was sporadic and the basalts appear as small volcanic cones or dykes. Due to their small volume their thermal effect was not significant. The Transdanubian Mountains and some parts of the North Hungarian Mountains (Bükk, Aggtelek-Gemer Karst, for location see Fig. 2 ) are characterized by low heat flow (50-60 mW/m 2 ). These mountains are built up from Mesozoic carbonates, which outcrop to the surface. The fractured and karstified rocks have large permeability, which allows easy infiltration of the precipitation. The downgoing water cools almost the whole area of the outcrops. The water is heated up at depth and returns to the surface at the feet of the mountains in thermal springs. The heated areas are restricted to the narrow paths, where the water emerges. The depth of water penetration can be estimated from the temperature of the springs. Assuming that the thermal conductivity of carbonates is 3 Wm −1• C −1 and the heat flow is 60 mW/m 2 , the resulting geothermal gradient is 20 • C/km. To obtain a water temperature of 30 • C in case of an infiltration temperature of 10 • C the water has to descend at least 1 km depth. The temperature of the springs varies between 14-60 • C, thus in some areas the water emerges from 2.5-3 km depth.
The thermal energy output of the springs is calculated from the outflow rate and the temperature:
where: E is the thermal energy output [W] , T sp is the temperature of the spring [ • C], T 0 is the mean annual surface temperature in the mountains [
T r a n s d a n u b i a n M o u n t a i n s D a n u b e b a s i n (Izápy, 1997) , the outcrops of carbonatic rocks and the faults, which were active in the Late Pliocene to present period (after Fodor et al., 1999) . Circles are proportional to the thermal energy output of the springs. The total thermal energy output of the thermal springs in the Transdanubian, Mecsek-Villány, and Bükk Mountains is shown in Table 1 . The ratio of the total energy output and the area of the mountains gives an estimate of the convective heat flow component caused by the groundwater flow. Adding this value to the observed heat flow we obtain the "undisturbed" heat flow of the mountains (Table 1 ). The heat flow corrected for groundwater flow is close to the heat flow observed around the mountains.
Most of the thermal springs are found at the feet of the mountains. Their location is probably determined by faults, along which the thermal water can emerge from depth. The mean annual surface temperature in Hungary is 12 • C (Dövényi et al., 1983) . Fig. 2 displays the location of the springs in Hungary, which have temperature higher than 12 • C, and faults, which were active during the Late Pliocene to present period. The springs are classified according to their thermal energy output. The springs which are not associated with karstic water flow systems have negligible thermal energy output. Almost half of the springs emerge along 
Geothermics and vertical movements in the Pannonian basin
The present-day high heat flow in the Pannonian basin and the formation of the basin can be explained by depthdependent extension of the lithosphere, which occurred during Early to Middle Miocene time (Royden et al., 1983; Royden and Dövényi, 1988; Lankreijer et al., 1995; Sachsenhofer et al., 1997 , Lenkey, 1999 . Horváth et al. (1988) modified the depth-dependent extensional model of Royden and Keen (1980) by taking into consideration the heat generation in the crust and the thermal effect of sedimentation including the compaction of sediments, and calculated the subsidence, thermal and maturation history of sediments in the Great Hungarian Plain. The subsidence and thermal history were derived from the amount of thinning of the crust (βc) and the mantle part of the lithosphere (βm), and the thermal maturation of organic matter were calculated by the use of the time-temperature index (TTI, Waples, 1980) . TTI was converted to vitrinite reflectance using an empirical relationship between the TTI and the vitrinite reflectances measured in master wells from the Great Hungarian Plain .
The subsidence, thermal and maturation history of the Jász-I well is shown in Fig. 3 as an example. The well is located in the Great Hungarian Plain (for location see sively younger sediments. The water depth was calculated as the difference between the predicted basement depth and the thickness of sediments. The subsidence rate in the first 5 Ma was higher than the sediment accumulation rate resulting in relatively deep water. This is in agreement with the sedimentological observations (Juhász, 1994) and interpretation of seismic sections (Vakarcs et al., 1994) , which show that the basin was filled up by a delta system prograding into the basin from the peripheral areas. The dashed and dotted lines indicate the evolution of temperature and vitrinite reflectance through time, respectively. The temperature-depth and vitrinite reflectance-depth profiles calculated for the present are in good agreement with the observations. The best fit thermal and vitrinite reflectance model of the Jász-I well is obtained assuming that the lithospheric extension started at 17 Ma and lasted till 11 Ma and it caused thinning of the crust and the mantle lithosphere by a factor of 1.8 (βc) and 100 (βm), respectively. Since 11 Ma cooling of the lithosphere occurs causing thermal subsidence.
Similar studies were performed in many wells in different parts of the Pannonian basin as the calculation of the thermal maturity became a common tool in the oil industry. Wells from the Great Hungarian Plain exhibit very similar subsidence, thermal and maturation history as the Jász-I well. However, wells from the Danube basin and some wells from the Zala basin have different subsidence and thermal history. The observed vitrinite reflectance in these wells is higher and the trend is parallel to the vitrinite reflectance calculated by a simple subsidence and burial model. To obtain fit to the observed virinite reflectance in the Bősárkány-1 (Fig. 4) and the Lovászi-II (Fig. 5 ) wells (for location see Fig. 2 ) additional burial had to be assumed during the Late Miocene-Early Pliocene, which was followed by erosion during the Late Pliocene-Quaternary. (If higher heat flow were assumed in the past without erosion, then the observed and calculated vitrinite reflectance trends would not be parallel.) The amount of the eroded sediments is about 400 m. In case of the Lovászi-II well part of the uplift comes from the inversion of the basin structure as shown by seismic sections (Rumpler and Horváth, 1988) .
Late Pliocene-Quaternary uplift and erosion is a common phenomena in the peripheral subbasins of the Pannonian basin. Based on vitrinite reflectance modelling Francu et al. (1989) Styrian basin (Sachsenhofer et al., 1997) and vitrinite reflectance modelling (Sachsenhofer et al., 2001) revealed Late Pliocene-Quaternary uplift and tilt of the Styrian basin towards the Pannonian basin. The amount of erosion is in the range of 300-500 m. The subsidence, thermal and maturation studies in the Pannonian basin show that following rifting thermal subsidence occurred, which is still going on in the deepest parts of the basin. However, in the peripheral parts of the basin the subsidence was interrupted by uplift and erosion. This uplift cannot be explained by the extensional model. The Late Pliocene and Quaternary inversion of the thermal subsidence is one of the most important phenomena, which indicates that the tectonic regime in the Pannonian basin has changed and the extensional evolution of the basin has terminated. Cloetingh et al. (1985 Cloetingh et al. ( , 1989 have put forward the idea that compressive intraplate forces originating from processes operating at plate boundaries cause large scale bending and folding of the lithosphere. The surface expression of this process is differential uplift and subsidence of up to several hundreds meter. The present day stress field in the Pannonian basin is compressive and transpressive Bada et al., 1999) . The transition from transtensive or neutral stress field to compressive stress field might have occurred in Late Pliocene/Quaternary time, when the uplift began. Horváth and Cloetingh (1996) and van Balen et al. (1999) modelled the late stage uplift along 2D sections crossing the Pannonian basin assuming compressive intraplate stress and arrived at the conclusion that an increase in the level of stress explains the few hundred meter uplift.
Geothermics and seismicity
The Pannonian basin is characterized by low to moderate seismic activity Tóth et al., this issue) . In contrast, the Dinarides and the Vrancea zone are seismically more active areas. Table 2 lists the different tectonic units of the area according to their seismicity and heat flow. It is clear that the geothermal conditions strongly influence the seismicity. High seismicity concentrates in those areas where low heat flow values pertain, and the areas characterized by high heat flow have low to moderate seismicity. The areas surrounding the Pannonian basin from north and east are characterized by low heat flow and low seismicity, but these areas comprise a different tectonic realm. Stress obser- vations, seismicity studies and stress modelling show that the recent tectonic activity of the Pannonian region is controlled primarily by the counterclockwise rotation of the Adriatic microplate . As a result, the Pannonian basin is pushed from the south-southwest. The low seismicity of the surrounding area indicates that most of the energy supplied by the relative motion of the Adriatic plate is consumed by the Dinarides and the Pannonian basin. The Bohemian Massif, Ukrainian and the Moesian Platforms form a cold, rigid frame of the basin system comprising a separate tectonic realm. In the Pannonian-Dinaric tectonic realm the heat flow (lithospheric temperature) is one of the most important factors controlling the seismicity (Table 2) . However, as shown by the moderate seismicity of some "hot" areas, the temperature structure in the lithosphere is an important, but not necessarily the only one controlling factor in determining the seismicity. The areas characterized by moderate to high seismicity are located in the peripheral parts of the basin, particularly in the Dinarides, where different thermal regimes and tectonic units are in contact with each other. The geothermal conditions control the seismicity through the rheology of the lithosphere. Beside the temperature the Table 3 . Thermal parameters of the temperature-depth profile of the standard lithosphere (geotherm with 50 mW/m 2 in Fig. 6a.) and material properties used for the rheological profiles in Fig. 6b . Thermal parameters are after Kappelmeyer and Haenel (1974) and Zoth and Haenel (1988) . Boundary conditions for the temperature calculation: top (z = 0 km) T = 10 • C, bottom (z = 120 km) T = 1333 • C. The thermal conductivity is measured on 20 • C and it depends on the temperature according to Sekiguchi (1984) . Material properties are after Carter and Tsenn (1987) and Goetze and Evans (1979) . g is the gravity acceleration [9.81 m/s 2 ], R is the universal gas constant [8. rheology depends on the lithospheric material, its flow properties and the strain-rate. Fig. 6 shows temperature-depth and rheological profiles characteristic for the Pannonian basin and the surrounding region. The lithospheric temperature in the Pannonian basin is not steady-state, therefore, the conventional thermal models assuming steady-state to calculate the lithospheric temperature from the surface heat flow and radiogenic heat production in the crust and mantle cannot be used. The temperature-depth profiles resulting from the subsidence and thermal history modelling of the Jász-I and Bősárkány-1 wells were used in the calculation of the rheological profiles. The heat flow in the surrounding areas of the Pannonian basin is in the range of 50-60 mW/m 2 , (in the Dinarides it is even lower, 30-50 mW/m 2 ). For representing the surrounding areas a synthetic temperature-depth profile was calculated in the conventional way, by solving the heat conduction equation in one-dimension assuming steady-state thermal regime and surface heat flow of 50 mW/m 2 . It was assumed that the thermal conductivity of rocks depends on the temperature according to Sekiguchi (1984) . The thermal parameters of the lithosphere are shown in Table 3 .
The lithospheric strength in the brittle regime was calculated by a modified version of the Byerlee's law (Byerlee, 1978; Ranalli and Murphy, 1987) , in the ductile regime by power-law creep (Goetze and Evans, 1979; Carter and Tsenn, 1987) . The stress field in the Pannonian region is compressive, therefore the criteria of brittle failure is calculated for thrust faulting. A three layer lithosphere was assumed, where the upper crust, lower crust and mantle consisted of dry granite, dry diorite and dry dunite, respectively. For simplicity the sediments were replaced by dry granite. The rheological properties of rocks are shown in Table 3 . For the crustal thickness in the Pannonian basin and the surrounding region 26 km and 36 km was adopted, respectively. The strain-rate was assumed to be 10 −15 s −1 .
According to the rheological profiles the brittle crustal layer in the Pannonian basin is less than 14 km due to the high temperature in the lithosphere. The brittle upper crustal layer is underlain by a ductile lower crust and mantle. In those areas where the heat flow is higher than 100 mW/m 2 the strength of the lithosphere is reduced to the upper 10 km thick brittle part of the crust, because the strength of the lower crust is highly reduced and the mantle has no strength. The decrease of the lithospheric temperature and surface heat flow results in strengthening of the lithosphere. When the surface heat flow is 50 mW/m 2 the upper part of the lower crust becomes brittle and the thickness of the brittle layer increases to 20-24 km. A 10 km thick brittle layer appears in the upper mantle, too.
The increase of the thickness of the brittle layer with decreasing heat flow is supported by the distribution of the focal depth of earthquakes (Fig. 6) . Earthquakes inside the Pannonain basin occur down to depth 20 km, with maximum number of earthquakes concentrating in the depth range of 6-10 km. There is a sharp decrease in the number of earthquakes below 12 km. The scarcity of earthquakes in the lower crust and the lack of earthquakes below 20 km indicates that in this layer the dominant mode of deformation is ductile flow. The relaxation of the tectonic stress by ductile flow results in decrease of the seismicity in the Pannonian basin. Earthquakes in the surrounding areas also concentrate in the upper 10 km part of the crust, but there are earthquakes down to depth 40 km. The presence of deeper focal depths indicates that in the surrounding areas the thickness of the brittle layer higher than inside the basin. Earthquakes below 30 km depth may occur either in the lower crust or in the upper mantle. From the statistics of the focal depth distribution of Fig. 6 alone it is not possible to discriminate between the two scenarios. Thick crust and low heat flow (characteristics of the Eastern and Southern Carpathian foredeep) or the brittle layer in the upper mantle can explain the relatively deep earthquakes foci.
The rheological model in Fig. 6 cannot explain the occurrence of medium depth earthquakes (80-180 km) in the Vrancea zone. The earthquakes are most probably generated by a subducted lithospheric slab. A gap in the earthquake foci between 30-70 km depth may indicate that the slab detached from the European lithosphere and descends into the asthenosphere (Wenzel et al., 1998) .
Conclusions
1) The distribution of seismicity in the Pannonian region can be interpreted in terms of tectonic realms and heat flow. The tectonically less active Bohemian Massif, Ukrainian Shield and Moesian Platform form a cold rigid frame of the Pannonian basin. The Pannonian basin and the Dinarides comprise a seismotectonic realm, where the seismicity in general is controlled by the thermal conditions of the lithosphere. Low and moderate seismicity occurs in areas of high heat flow (>90 mW/m 2 , in the Pannonian basin), high seismicity is characteristic for areas of normal to low heat flow (<60 mW/m 2 , in the Dinarides).
2) In the Pannonian basin shallow earthquakes occur, while in the surrounding areas the focal depth increases. This observation is in agreement with the predicted strength variation of the lithosphere, which show that the thickness of the brittle layer increases from 10-14 km in the Pannonian basin to 20-25 km in the surrounding areas. In the areas of low heat flow a brittle layer in the upper mantle can account for the relatively deep (>30 km) earthquakes.
3) Thermal and maturation history modelling results in a better understanding of the present day thermal conditions and tectonic processes. Modelling of vitrinite reflectance shows that the thermal cooling phase of basin evolution and subsidence in the peripheral parts of the Pannonian basin has terminated in the Late Pliocene and since that time uplift is going on.
4) Thermal springs are good indicators of deep-rooted faults. However, it requires structural and seismological studies to decide, whether the fault is active or it is an older fault. Almost half of the thermal springs in Hungary arise along faults, which were active during the Late Pliocene to recent period.
